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Ronald E. Ellis 1 and Xiangmei Chen 1, 2 One of the first triumphs of modern genetics was the identification of sex chromosomes and their use in proving the chromosome theory of inheritance [1] . In the course of this work, Bridges showed that XXY flies were female and XO flies were male, which proved that sexual identity was not controlled by the Y chromosome. For the next century, scientists have been trying to learn how a cell can assess the number of X chromosomes it contains. A new study shows that worms do this through a direct competition between X signal elements (XSEs) and autosomal signal elements (ASEs) for the control of xol-1 expression [2] .
Bridges set the stage for this work with Drosophila, by showing that flies with three sets of autosomes and two X chromosomes were intersexual [3] . He proposed that each cell compared the ratio of X chromosomes to autosomes, with an X:A ratio of 1.0 producing females, and a ratio of 0.5 producing males. Finally, he suggested that the assessment of this ratio involved a competition between X-linked genes that direct female development and autosomal genes that promote male fates. His model provided a plausible explanation for why triploid flies with a 0.67 ratio were intersexual, and it seemed to have been confirmed when he found that haploid flies, which have a 1.0 ratio, were female [4] .
A direct test of this model in flies was not straightforward until the identification of Sxl as the target of the X:A signal and the master regulator of sexual fate [5, 6] . The initial regulation of Sxl activity involves several genes that map to the X, and hence are known as XSEs. They include sisA, scute, unpaired and runt. However, the predicted ASEs proved elusive, with the only candidate being deadpan, which has a weak influence on Sxl activity [7, 8] . This dearth of ASEs raised concerns about Bridges' model, since one might expect that either one strong ASE or several weak ASEs would be needed to balance the potent set of XSEs that had been identified.
Recently, Erickson and Quintero directly tested the role of the X:A ratio in flies by using reporters for both the XSEs and the SxlPe promoter, which regulates Sxl expression while sexual identity is being established [9] . Surprisingly, they found that the absolute number of X chromosomes determined the level of Sxl expression, rather than the X:A ratio. Triploid flies only became intersexual because the embryos cellularized too early, forcing a decision about sexual identity before enough Sxl had accumulated to guarantee female development in every cell. Conversely, haploid flies cellularized late, so that even a single X had enough time to express high levels of XSEs and Sxl, leading to female development. Considered together, these results imply that flies measure the absolute level of XSE expression near the end of the syncytial blastoderm stage, not its ratio to ASEs. If XSE concentrations exceed a threshold, Sxl is activated and initiates female development ( Figure 1) .
As the Drosophila field was moving in one direction, parallel experiments in Caenorhabditis elegans led in another. Studies of polyploid animals showed that XX:AAA worms with a 0.67 ratio always developed as males, whereas XXX:AAAA worms with a 0.75 ratio developed as hermaphrodites (the normal XX fate for this species) [10] . These results suggested that nematodes might use the X:A ratio to determine sex, and their remarkable precision suggested that worms had evolved a very accurate mechanism for doing so.
Genetic assays showed that worms have many XSEs [11] , and mutant screens identified four -fox-1 [12, 13] , sex-1 [14] , sex-2 and ceh-39 [15] . As with Drosophila, one autosomal element had also been identified, the transcription factor sea-1 [16] . Taken together, these results implied that C. elegans might actually use a competitive mechanism to assay the X:A ratio [17] , precisely the model that was then being disproven for flies. However, to test this model, more ASEs needed to be identified, and they had to be shown to compete directly with XSEs.
A new paper from the Meyer laboratory brings this story full circle, by showing that worms indeed use a counting mechanism like that originally proposed by Bridges for flies [2] . As with studies of Sxl in Drosophila, their work was based on the fact that xol-1 is both the master regulator of sex in worms and the likely target of the X:A signal [14, 18, 19] . For example, XOL-1 activity is high in XO embryos, inducing male development, but low in XX embryos, causing hermaphrodite development and dosage compensation. These observations suggested that xol-1 expression could be used as a read out to assess competition between XSEs and ASEs in worms.
To identify additional ASEs, Farboud et al. [2] screened for mutations that suppress the hermaphrodite-specific lethality of fox-1 sex-1 double mutants, and identified sea-2. The new sea-2 mutations affect dosage compensation exactly as predicted for an ASE. Furthermore, another new mutation defined a third ASE, named sea-3. Moreover, genetic tests showed that sea-1, sea-2 and sea-3 act cumulatively to oppose the XSEs, confirming that they behave like autosomal signal elements, and compete with XSEs at a genetic level.
To learn how sea-2 works, Farboud et al. cloned it [2] . SEA-2 is a zinc-finger protein that localizes to the nucleus and is likely to bind DNA; it also contains PQN repeats that might interact with other proteins. Although binding between SEA-2 and xol-1 DNA was not detected in vitro, SEA-2 did associate in vivo with several arrays containing different regulatory regions from xol-1. Moreover, Farboud et al. identified multiple binding sites in vitro for SEA-1, SEX-1 and CEH-39 throughout the xol-1 gene and promoter, and they showed that mutations in these sites altered the regulation of xol-1 in vivo, just as predicted. Thus, the XSEs SEX-1 and CEH-39 and the ASE SEA-1 all encode proteins that bind xol-1 and regulate transcription, and SEA-2 is likely to work the same way (Figure 1) . Finally, the XSE FOX-1 acts after this step, blocking the translation of xol-1 mRNAs to lower XOL-1 protein levels.
The binding sites for ASEs and XSEs are distinct and non-overlapping. Furthermore, SEA-1 and SEX-1 can bind simultaneously to the same DNA fragment. Thus, it seems unlikely that there is a direct competition between ASEs and XSEs to bind xol-1. Instead, they might recruit cofactors that directly regulate the transcription of xol-1, such as histone acetyltransferases and methyltransferases for positive regulation and histone deacetylases for negative regulation.
In summary, Farboud et al. have shown that a direct competition between X and autosomal signal elements controls XOL-1 activity and nematode sex. As Bridges had predicted for flies, the XSEs promote female fates, and the ASEs promote male fates. Finally, the large number of competing transcription factors and binding sites that control xol-1 expression could explain the extreme precision with which nematodes asses their X:A ratio.
Why do flies use a different mechanism? For the absolute level of accumulating proteins to have meaning, they need to be assessed at a precise time; otherwise all cells would eventually become female once enough XSE proteins had built up to activate Sxl. Thus, the tight, synchronous regulation of cell division during Drosophila cleavage, and the sudden onset of cellularization at cycle 14, might be essential for this method of counting X chromosomes. If so, perhaps the Drosophila system is a recent adaptation that arose following the origin of the syncytial blastoderm. By contrast, sex determination in worms does not require a uniform decision time, since XSEs and ASEs accumulate in parallel. Perhaps other animals that display variable rates of cell division during early embryogenesis also follow the C. elegans model. Now that studies are beginning to decipher how mammalian cells count X chromosomes prior to X inactivation [20] , we might learn soon about the generality of each mechanism. 
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Syncytial blastoderm Cellularization Figure 1 . Comparison of the assessment of X chromosome number in worms and flies. In nematodes, the X:A ratio controls the level of XOL-1 protein; high levels direct male development, whereas low levels allow hermaphrodite development and dosage compensation. In flies, the number of X chromosomes controls whether Sxl is expressed. In XX embryos, high levels of XSE proteins accumulate and turn Sxl on at cellularization; Sxl then promotes its own activity and directs female development. In XY embryos, not enough XSEs accumulate, so Sxl is not activated. Elements promoting male fates are blue, and those promoting female fates are red. The start of transcription is marked by a right-facing arrow, and coding regions are gray boxes. Larger fonts and thicker lines indicate higher activities. For details, see the text, and references [2] and [9] . Neurons develop from small, spherical precursors into the largest, most asymmetric of all metazoan cells by extending thin axonal processes over enormous distances. Although the forces for this extension have been unclear, recent work shows that the initial axonal extension may involve an unexpected mechanism: sliding of microtubules, driven by a motor protein previously thought to be deployed only in organelle transport.
Peter J. Hollenbeck and Daniel M. Suter
Neurons are the largest, most asymmetric and specialized of all metazoan cells, yet they start life as small, roughly spherical precursors. Their development and differentiation involve the initial establishment of long neuritic processes, referred to as axons and dendrites, and the subsequent extension of axons in particular over enormous distances -up to 1 meter in humans. The source and nature of the forces driving this axonal elongation have been studied for decades but are not fully understood. Now, work by Lu et al. [1] , recently published in Current Biology, indicates that the force for initial neurite outgrowth may involve an unexpected mechanism: sliding of microtubules, driven by a motor protein, kinesin-1, previously thought to be deployed only in organelle transport.
The three major types of cytoskeletal filaments -microtubules, actin filaments and neurofilaments -are essential structural components of normal axons, supporting in various ways their establishment, growth, maintenance and resistance to mechanical stress. The contributions of microtubules and actin filaments to axonal elongation have been mainly studied in vertebrate neurons in cell culture, in the presence of various cytoskeletal drugs. Altogether these studies have revealed that microtubules appear to be more critical for the extension of axon-like processes, while actin filaments play a key role in growth cone motility and guidance [2] [3] [4] . Furthermore, neurite extension in culture can occur in the complete absence of actin filaments or microtubules [5] and axonal differentiation can occur in the absence of actin [6] . Nonetheless, other work has shown that dynamic microtubules are essential for growth cone guidance [7] . Thus, both microtubules and actin filaments are involved in various stages of axon formation; however, their respective contributions at each stage of development, as well as the role of filament assembly versus translocation in force generation under normal physiological conditions, remain unclear [8] .
Lu et al. [1] studied the earliest stages of axon elongation using Drosophila neurons grown in culture. In these insect neurons, there are no neurofilaments, which clears the decks a bit, and gene and protein expression can be controlled more easily than in vertebrate cells. Previous work by this group had shown that microtubule sliding occurred in Drosophila S2 cells, a small, relatively rounded macrophage-like cell type [9] . There, they had used gene and protein knockdown techniques and the visualization of fluorescently tagged tubulin in live cells to show that kinesin-1-driven microtubule sliding was occurring. They furthermore predicted this phenomenon could provide force for cell-shape changes, such as process formation. In the new work, these authors confirmed that, as in vertebrates, Drosophila neurons could form and initially extend neurites in vitro in the absence of actin filaments, microtubule polymerization, or growth cone structures at their tips. To probe the nature of the initial extension of the axon, they visualized microtubules using a photoconversion approach and found that they actively slide relative to each other during the first few hours after cell plating, while sliding activity significantly declined in older neurons. Furthermore, sliding microtubule arrays extend to and appear to press against the expanding distal tip of young neurites. What motor protein powers this sliding? In fly kinesin-1 mutants and following dsRNA-induced reduction of kinesin-1,
